AB. Neuronal gap junctions are required for NMDA receptormediated excitotoxicity: implications in ischemic stroke. J Neurophysiol 104: 3551-3556, 2010. First published October 13, 2010 doi:10.1152 doi:10. /jn.00656.2010 play an important role in cell survival versus cell death decisions during neuronal development, ischemia, trauma, and epilepsy. Coupling of neurons by electrical synapses (gap junctions) is high or increases in neuronal networks during all these conditions. In the developing CNS, neuronal gap junctions are critical for two different types of NMDAR-dependent cell death. However, whether neuronal gap junctions play a role in NMDAR-dependent neuronal death in the mature CNS was not known. Using Fluoro-Jade B staining, we show that a single intraperitoneal administration of NMDA (100 mg/kg) to adult wild-type mice induces neurodegeneration in three forebrain regions, including rostral dentate gyrus. However, the NMDARmediated neuronal death is prevented by pharmacological blockade of neuronal gap junctions (with mefloquine, 30 mg/kg) and does not occur in mice lacking neuronal gap junction protein, connexin 36. Using Western blots, electrophysiology, calcium imaging, and gas chromatography-mass spectrometry in wild-type and connexin 36 knockout mice, we show that the reduced level of neuronal death in knockout animals is not caused by the reduced expression of NMDARs, activity of NMDARs, or permeability of the blood-brain barrier to NMDA. In wild-type animals, this neuronal death is not caused by upregulation of connexin 36 by NMDA. Finally, pharmacological and genetic inactivation of neuronal gap junctions in mice also dramatically reduces neuronal death caused by photothrombotic focal cerebral ischemia. The results indicate that neuronal gap junctions are required for NMDAR-dependent excitotoxicity and play a critical role in ischemic neuronal death.
I N T R O D U C T I O N
In the mammalian CNS, direct intercellular communication between neighboring cells occurs through specialized structures known as gap junctions. A gap junction is a channel between two cells with a pore ϳ2 nm in diameter that allows the direct diffusion of ions and small molecules (Bennett and Zukin 2004) . The channels are made of proteins known as connexins, which are encoded by a large multigene family with Ն21 genes in mammals (Sohl et al. 2005) . Among identified connexins, connexin 36 (Cx36) seems to be an exclusive neuron-specific connexin type (Belluardo et al. 2000; Condorelli et al. 2003) . The expression of Cx36 and the coupling of neurons by gap junctions increase during embryonic and/or early postnatal development, then decrease, but increase again in the mature CNS during neuronal injuries such as ischemia, traumatic brain injury, inflammation, and epilepsy (Chang et al. 2000; de Pina-Benabou et al. 2005; Frantseva et al. 2002; Nemani and Binder 2005; Oguro et al. 2001; Perez-Velazquez et al. 1994; Thalakoti et al. 2007 ). Death of neurons occurs during development and injuries. However, whether gap junctions contribute to neuronal death or survival is still controversial (Decrock et al. 2009; Perez Velazquez et al. 2003) .
The N-methyl-D-aspartate receptor (NMDAR), a glutamategated ion channel, plays a critical role in cell survival versus cell death decisions during neuronal development, ischemia, trauma, and epilepsy (Arundine and Tymianski 2004; Goodman and Shatz 1993; Hardingham and Bading 2003; Scheetz and Constantine-Paton 1994) . Recently, using developing hypothalamic neuronal cultures, we showed a critical role during development for neuronal gap junctions in two types of NMDAR-dependent neuronal cell death, i.e., the deaths caused by hyperactivation or inactivation of NMDARs (de Rivero Vaccari et al. 2007 ). Specifically, we found that the NMDARdependent neuronal deaths do not occur in mature cultures, occur only during the peak of developmental increase in neuronal gap junction coupling [i.e., on days in vitro 14 -17 (DIV14-17)], and are prevented by pharmacological inactivation of gap junctions or genetic knockout of Cx36. Compared with cultures, where no neuronal gap junction coupling is detected after cell culture maturation (Arumugam et al. 2005) , the coupling and Cx36 expression are found in some neurons in the mature CNS in vivo (Belluardo et al. 2000; Hormuzdi et al. 2001; Long et al. 2005; Venance et al. 2000) . Therefore in this study, using NMDA administration in adult mice, we tested the hypothesis that neuronal gap junctions are critical for NMDAR-mediated excitotoxicity in the mature CNS. We also used photothrombotic focal cerebral ischemia in mice to determine whether neuronal gap junctions play a role in ischemic neuronal death.
M E T H O D S

Animal care
Experiments were performed on 2-mo-old wild-type (WT; C57bl/6 strain) and Cx36 knockout (C57bl/6 background strain) male mice. The Cx36 knockout was originally created by Dr. David Paul (Harvard Medical School) and showed almost complete (95-99%) loss of neuronal gap junction coupling (Deans et al. 2001 ). Mice were genotyped as described (de Rivero Vaccari et al. 2007 ).
NMDA and other drug treatments
Mice received a single intraperitoneal administration of sterile saline (100 l; control), NMDA (Sigma-Aldrich; 100 mg/kg in 100 l of saline), or mefloquine hydrochloride [a blocker for Cx36-containing gap junctions (Cruikshank et al. 2004; Voss et al. 2009 ); SigmaAldrich; 30 mg/kg in 100 l of saline]. Some animals received injections of mefloquine (30 mg/kg) or dizocilpine (MK-801; NMDAR blocker; Sigma-Aldrich; 1 mg/kg in 100 l of saline) that were followed in 30 and 15 min, respectively, by an NMDA injection (100 mg/kg). All solutions also contained Tween80 (1%). After NMDA administration (100 mg/kg), only 1 of 54 WT mice and none of 34 Cx36 knockout mice died during a 24-h period. However, at a higher NMDA dose (150 mg/kg), all tested animals (5 WT and 3 Cx36 knockout) died within 5 min after injection.
Photothrombotic focal cerebral ischemia
Mice were anesthetized (nembutal, 70 mg/kg) and placed in a stereotaxic frame. The skull was exposed by incision of the skin. Rose bengal (1 mg in 100 l of sterile saline) was injected intraperitoneally. A fiber optic bundle of a cold light source (Zeiss 1500; 1.5 mm aperture; 3,000 K light intensity) was placed in the right hemisphere at anteroposterior (AP) ϭ Ϫ1.7 mm and lateral to midline (ML) ϭ ϩ2.0 mm from bregma. To activate Rose bengal, 15 min after its injection, the brain was illuminated through the intact skull for the following 30 min. Furthermore, all animals received a single intraperitoneal saline or mefloquine (30 mg/kg) injection that was given immediately before the Rose bengal injection. In all drug treatment and ischemic experiments, an analgesic was used to reduce possible pain reactions (buprenex, 2 mg/kg).
Fluoro-Jade B and Nissl stainings
Fluoro-Jade B staining is selective and highly sensitive for identification of degenerating neurons (Xu et al. 2004) . To conduct the staining, animals were anesthetized and transcardially perfused with PBS (0.01 M; 100 ml) followed by a perfusion with 4% paraformaldehyde (dissolved in 50 ml of PBS; pH ϭ 7.4). The brains were removed. Fifty-micrometer-thick coronal sections were cut with a Leica VT1000S vibratome and mounted on gelatin-coated slides. The sections were hydrated in alcohol, incubated with potassium permanganate (0.006%; 10 min), incubated with Fluoro-Jade B (0.001%; 30 min), rinsed, and air-dried. Staining was visualized using a Nikon Eclipse 80i fluorescent microscope, FITC filter, and Photometrics ES2 digital camera. The staining analysis was done by a person blinded to experimental groups.
In NMDA excitotoxicity experiments, the cell bodies of FluoroJade B-positive neurons were clearly visible. Therefore using OpenLab software (Improvision), the total number of stained neurons was counted in the whole hippocampal region, in both hemispheres, in nine sections in each brain (including Ϫ1.0, Ϫ1.2, Ϫ1.4, Ϫ1.6, Ϫ1.8, Ϫ2.0, Ϫ2.2, Ϫ2.4, and Ϫ2.6 mm from bregma) and was averaged for nine sections.
In ischemic experiments, because of the high amount of staining, the ischemic cortical region was outlined, and the total number of stained pixels was measured in the outlined region using a densitometric thresholding technique implemented with ImageJ software (National Institutes of Health). The threshold was set at a level just above that which would have counted background and nonspecific staining in areas outside the outlined region. The analysis was done in five cortical sections (including Ϫ1.5, Ϫ1.6, Ϫ1.7, Ϫ1.8, and Ϫ1.9 mm from bregma), and data were averaged for five sections. Because Fluoro-Jade B has an excellent sensitivity and selectivity for identification of degenerating neurons (Xu et al. 2004) , no additional co-staining with neuronal markers was necessary.
To conduct Nissl staining, sections were incubated with 0.1% cresyl violet dissolved in PBS, differentiated in 95% ethanol containing acetic acid, and dehydrated.
Western blots
Experiments were conducted as described (Arumugam et al. 2005) . Briefly, the hippocampus was dissected and homogenized in a lysis buffer, and total protein was determined. Fifty micrograms of protein was loaded in each lane, transferred to 0.45-m polyvinylidene difluoride membranes, and processed with a blocking solution and antibodies. Mouse anti-NR1 (1:2,000; cat. 05-432, Upstate), rabbit anti-NR2A (1:10,000; cat. 05-901, Upstate), rabbit anti-NR2B (1: 2,000; cat. M265, Sigma-Aldrich), rabbit anti-Cx36 (1:500; cat. 51-6300, Invitrogen), and mouse anti-tubulin (1:10,000; cat. T4026, Sigma-Aldrich) were used as the primary antibodies and were visualized with horseradish peroxidase-conjugated anti-rabbit antibody (1:10,000; cat. G21234, Zymed) or anti-mouse IgG antibody (1: 10,000; cat. M5899, Sigma-Aldrich). Band optical density was determined using Quantity One software (Bio-Rad). Optical density signals were normalized relative to tubulin, and normalized values were compared with controls (set at 1.0). Tubulin levels per unit of total protein did not vary significantly among samples.
Brain slice preparation and electrophysiology
Mice were anesthetized, and coronal 400-m-thick hippocampal slices were prepared (at 2-4°C) and tested in electrophysiological experiments (at 20 -22°C) using artificial cerebrospinal fluid (ACSF) and a pipette solution as described (Arumugam et al. 2005) . To test NMDA responses, whole cell voltage-clamp recording was performed at a Ϫ60 mV holding potential using a Mutliclamp 700B amplifier and pCLAMP10 software (Molecular Devices). NMDA (10 M) was applied in Mg 2ϩ -free ACSF using bath application. To prevent secondary responses, all media contained TTX (2 M; a voltage-gated sodium channel blocker), bicuculline (20 M; a GABA A receptor antagonist), and CNQX (10 M; a non-NMDA receptor antagonist) (all drugs were from Sigma-Aldrich). The amplitude of NMDA responses was measured and analyzed using Igor Pro (WaveMetrics). To test the effects of mefloquine on electrotonic coupling, dual current-clamp recordings from pairs of randomly chosen neurons in the rostral dentate gyrus acute slices were conducted.
Neuronal cell culture preparation and digital Ca 2ϩ imaging
Pregnant mice were anesthetized, and neuronal cultures were prepared as described (Belousov et al. 2001 ) from embryonic day 18 -19 mouse hippocampus. Neurons were plated on glass coverslips and raised in Neurobasal medium (Invitrogen) with supplements (B27 and glutamine), gentamycin (50 mg/l), and cytosine ␤-D-arabinofuranoside (5 M). Each coverslip contained the material obtained from a single embryo. The culture medium was changed twice a week. Fura-2 Ca 2ϩ imaging was performed in mature cultures (1-1.5 mo old) using ACSF as described (Belousov et al. 2001) . Cells were loaded with fura-2 AM (5 M, Invitrogen) for 30 min and examined using a Nikon TE2000s microscope. Conventional dual wavelength ratios (at 340 and 380 nm excitation) were obtained using a Sutter Lambda10-2 filter changer (Sutter Instruments) and Imaging Workbench software (INDEC BioSystems). Ca 2ϩ standards from Invitrogen were used to calibrate the imaging system. NMDA (10 M) was applied using a flow pipe perfusion system (Belousov et al. 2001) in Mg 2ϩ -free, but TTX-, bicuculline-, and CNQX-containing, ACSF (in concentrations as above). The intracellular Ca 2ϩ increases were measured in neuronal cell bodies and were analyzed using Igor Pro software.
Gas chromatography-mass spectrometry assay
Animals were anesthetized and killed by cardiac puncture before (control) or 5, 15, 30, and 120 min after NMDA administration (100 mg/kg). Blood samples were collected and used later to determine the levels of NMDA in the blood plasma. Animals were perfused transcardially with PBS for 5 min to remove blood plasma. The brain tissue (including hippocampus and hypothalamus) was dissected and soaked in PBS to ensure complete removal of the blood from the tissue. The measurements of NMDA in the brain tissue (100 mg) or blood plasma (100 l) were conducted as described previously in detail (D'Aniello et al. 2000) .
Statistical analysis
Data were analyzed using the two-tailed Student's t-test or ANOVA with post hoc Tukey and InStat software (GraphPad Software). Data are reported as mean Ϯ SE for the number of samples indicated.
R E S U L T S
NMDAR-mediated neuronal death
A single intraperitoneal administration of NMDA to WT mice (100 mg/kg) induced dramatic neuronal death in the hippocampus. The neuronal death was evident 24 h after NMDA injection in brain sections stained with Fluoro-Jade B (Fig. 1, A, B , and E) and 3 wk after NMDA injection in brain sections stained with Nissl ( Supplemental Fig. S1A ).
1 In addition, in Fluoro-Jade B staining experiments, dramatic neuronal death was detected in the hypothalamus (Supplemental Figs.  S2, A, B , and E, and S3, C and D) and modest neuronal death in the medial habenula (data not shown). The rest of the forebrain regions did not contain or contained single and very sparse Fluoro-Jade B-positive cells.
In the hippocampus, neuronal degeneration was observed in the rostral dentate gyrus ( Fig. 1B; Supplemental Fig. S3, A and  B) , primarily in the inner part of the granule cell layer (Supplemental Fig. S1A ). However, it was not seen in the caudal dentate gyrus (Supplemental Fig. S4 ). The NMDAR-mediated cell death was prevented by mefloquine (30 mg/kg; Fig. 1 , C and E), which blocks neuronal Cx36-containing gap junctions (Cruikshank et al. 2004; Voss et al. 2009) (Supplemental Fig.  S5 ). In addition, no statistically significant neuronal death was induced by NMDA administration in Cx36 knockout mice (Fig. 1,  D and E) . Furthermore, in knockout animals, pretreatment with mefloquine that was followed by NMDA injection did not have any additional effect (Fig. 1E) . Similar results were obtained in the hypothalamus (Supplemental Fig. S2 ). As expected, the NMDAR-mediated neuronal death also was prevented by MK-801 (1 mg/kg; NMDAR blocker; Supplemental Fig.  S6 ), confirming that the death is caused by hyperactivation of NMDARs.
Control tests
It is possible that the reduced level of NMDAR-mediated neuronal death in Cx36 knockout mice is caused by the reduced expression of NMDARs, reduced activity of NMDARs, or reduced permeability of the blood-brain barrier (BBB) to NMDA in knockout mice compared with WT mice, and we tested these possibilities. Western blot experiments showed that the expression of NR2A and NR2B NMDAR subunits in the rostral dentate gyrus is not different, and the expression of NR1 subunit is even higher in Cx36 knockout mice compared with WT mice (Fig. 2) .
Patch-clamp recordings from granule cells in acute rostral dentate gyrus slices indicated that the amplitude of NMDAmediated responses is not significantly different between WT and Cx36 knockout mice (Fig. 3, A-C) . Calcium imaging recordings from cultured hippocampal neurons showed that the amplitude of NMDA-mediated Ca 2ϩ increases is even higher in Cx36 knockout than in WT conditions (Fig. 3, D-F) . 1 The online version of this article contains supplemental data.
FIG. 1. Inactivation of neuronal gap junctions prevents N-methyl-D-aspartate receptor (NMDAR)-mediated neuronal death. A-D: representative images of
Fluoro-Jade B staining in brain sections from control WT (A), NMDA-treated WT (B), NMDA plus mefloquine-treated WT (C), and NMDA-treated Cx36 knockout (Cx36 KO; D) mice are shown. Administration of NMDA induces neuronal death in the rostral dentate gyrus (B) that is prevented by cotreatment with mefloquine (C) or Cx36 knockout (D). E: graph presents statistical analysis of the number of Fluoro-Jade B-positive neurons in the hippocampus (ANOVA; n ϭ 4 -7 mice per group; ***P Ͻ 0.001; NS, nonsignificant; mean Ϯ SE). The analysis was done 24 h after intraperitoneal (ip) saline or drug administrations (ip). CA3, CA3 hippocampus; cc, corpus callosum; D3V, dorsal 3rd ventricle; GrDG, granule cell layer of dentate gyrus. Furthermore, using a gas chromatography-mass spectrometry (GC-MS) assay, the levels of NMDA were measured in the blood and in the brain in mice before and at four time points after NMDA injection and were not statistically different between the Cx36 knockout and WT animals (Fig. 4) .
Finally, using Western blots for Cx36, we tested the possibility that, in WT animals, NMDA administration increases the expression of Cx36-containing gap junctions, thus contributing to neuronal cell death. However, no change in Cx36 expression was detected at four time points after NMDA administration in the rostral dentate gyrus in experiments in vivo (Fig. 5A ) and in hippocampal cultures in vitro (Fig. 5B) .
Ischemia-mediated neuronal death
NMDARs may contribute to neuronal death during ischemia (Arundine and Tymianski 2004) , and we tested whether inactivation of neuronal gap junctions also reduces ischemic neuronal death. Photothrombotic focal cerebral ischemia caused substantial neuronal death in the neocortex of WT mice that was detected using Fluoro-Jade B staining in brain sections 48 h after the ischemic procedure (Fig. 6, A-C and F) . This neuronal death was dramatically reduced in mefloquine-treated WT (Fig. 6, D and F) and Cx36 knockout (Fig. 6, E and F) mice. However, there was no additional neuroprotective effect of mefloquine in knockout animals (Fig. 6F ).
D I S C U S S I O N
The level of neuronal gap junction coupling and the expression of Cx36 are high in the developing mammalian CNS and subsequently decrease (Arumugam et al. 2005; Bennett and Zukin 2004) . In the mature CNS, the neuronal coupling and Cx36 expression are found in some regions, including the hippocampal dentate gyrus and hypothalamus (Arumugam et al. 2005; Belluardo et al. 2000; Hormuzdi et al. 2001; Long et al. 2005; Venance et al. 2000) , and the coupling is eliminated in these regions in Cx36 knockout mice (Hormuzdi et al. 2001; Long et al. 2005) . In this study, we showed that a single administration of NMDA to adult WT mice induces massive neuronal death in the rostral dentate gyrus and hypothalamus, and this neuronal death is prevented by pharmacological and genetic inactivation of Cx36-containing gap junctions. Thus the results suggest a critical role for neuronal gap junctions in NMDAR-mediated excitotoxicity in the mature CNS.
Data from control experiments in WT and Cx36 knockout mice indicate that the reduced level of NMDAR-mediated neuronal death in knockout animals is not caused by reduced expression and activity of NMDARs or permeability of the BBB to NMDA. The lack of Cx36 upregulation by NMDA in WT mice suggests that the NMDAR-dependent neuronal death in these animals is caused by a contribution of already existing Cx36-containing gap junctions rather than newly synthesized ones. It is still possible that NMDA administration increases the expression of non-Cx36-comprising neuronal gap junctions or hemichannels. However, given our previous studies showing that activation of NMDARs decreases, rather than increases, neuronal gap junction coupling (Arumugam et al. 2005) and that hemichannels do not contribute to the NMDARmediated neuronal death in developing neurons (de Rivero Vaccari et al. 2007) , the above possibilities seem unlikely.
Adult Cx36 knockout mice lack obvious anatomical, physiological, and behavioral abnormalities, although showe some mild deficiencies (Deans et al. 2001; Hormuzdi et al. 2001; Long et al. 2005 ). Therefore it is also possible that abnormal animal development contributes in some way to the lower NMDAR-mediated neuronal death in Cx36-null mice. A strong argument against this suggestion, however, comes from our previous study (de Rivero Vaccari et al. 2007 ). The study was conducted using NMDA administration in neuronal cultures obtained from Cx36 knockout embryos (i.e., obtained from the animals even before their birth), but showed results similar to those in the adult Cx36 knockout mice reported here. In addition, in this study, we tested the effects of mefloquine on NMDAR-and ischemia-mediated neuronal death. Mefloquine was reported to be a potent blocker of Cx36-containing gap junctions (Cruikshank et al. 2004; Voss et al. 2009 ). In the used concentrations, mefloquine effectively reduced electrotonic coupling between neurons in brain slices in vitro (Supplemental Fig. S5 ), prevented NMDAR-mediated neuronal death in vivo (Fig. 1) , and reduced ischemic neuronal death in vivo (Fig. 6) , and the concentrations of mefloquine in vivo and in vitro were comparable: 30 mg/kg and 21 mg/l (50 M), respectively. This confirmed that the neuroprotection in Cx36-deficient animals was likely caused by elimination of Cx36.
It should be noted that, in addition to the blockade of Cx36-containing gap junctions, mefloquine also may block Cx50-containing gap junctions (which, however, are restricted to the lens), pannexin 1 hemichannels, and adenosine A 2A receptors (Cruikshank et al. 2004; Iglesias et al. 2008; Weiss et al. 2003) . Therefore the actions of mefloquine on these channels and/or receptors may potentially be responsible (at least in part) for neuroprotection. In this study, however, mefloquine did not have any additional neuroprotective effects in Cx36-deficient mice in both NMDA excitotoxicity and ischemic models. This suggests that neuroprotective effects of mefloquine were specifically via blockade of Cx36-containing gap junctions.
As discussed above, whether gap junctions contribute to neural cell death or survival is controversial. It has been suggested that contributions of gap junctions to either neuronal death or survival are through propagation of some gap junction-permeable signals, neurodegenerative or neuroprotective, respectively (Decrock et al. 2009; Perez Velazquez et al. 2003) . Although speculations on possible candidates exist (e.g., Ca 2ϩ , Na ϩ , IP 3 ), the nature of these signals is largely unknown. Presumably, in our experimental conditions, these are NMDAR-dependent neurodegenerative (death) signals. If such death signals were generated in all neurons independently and equally, it would be expected that the affected neurons would die regardless of whether or not they are coupled to other neurons. However, NMDAR-dependent cell death is prevented by inactivation of gap junctions, indicating that the gap junction-coupled neurons have a higher probability of dying than those that are uncoupled. We hypothesize therefore that, for example, in the rostral dentate gyrus, the generation of death signals is unequal in different neurons. This can be caused by unequal distribution of NMDARs among different neurons and/or unequal expression of NMDAR-dependent intracellular signaling pathways and molecules. It is possible that at the NMDA concentration that was used in this study, only a small fraction of neurons generates lethal levels of (presumptive) gap junctionpermeable death signals. The blockade of gap junctions rescues the majority of neurons in the rostral dentate gyrus, and only a small (nonsignificant) fraction of neurons die. We propose that these neurons, which produce lethal levels of gap junctionpermeable death signals, are those that can be seen in NMDAtreated Cx36 knockout mice and in WT mice co-treated with NMDA and mefloquine. A focus of future studies will be to identify the specific gap junction-permeable signaling molecules that are generated during the NMDAR-mediated excitotoxicity.
In addition, with the systemic administration of NMDA that was used in this study, the NMDAR-mediated neuronal death was detected in the forebrain only in three regions: hippocampus, hypothalamus, and medial habenula. Moreover, in the hippocampus, neuronal death was observed in the rostral dentate gyrus (primarily in the inner part of the granule cell layer) but not in the caudal dentate gyrus. This clearly suggests the region specificity for the induction of NMDAR-mediated neuronal death. Once again, this potentially may be because of the FIG. 6. Inactivation of neuronal gap junctions reduces ischemia-mediated neuronal death in mice. Representative images of Fluoro-Jade B staining (A-E) and statistical analysis (F) are shown. All images are taken at bregma Ϫ1.7 mm (i.e., at the center of ischemic injury). Images in A-C are taken from the same brain section, and the regions that are boxed in A and B are shown at a higher magnification as, respectively, B and C. A-E: photothrombotic focal ischemia induces neuronal death in the cortex of WT mice (A-C) that is reduced by a pretreatment with mefloquine (D) and Cx36 knockout (E). F: number of stained pixels in the ischemic cortical region is analyzed (ANOVA; n ϭ 4 -10 mice per group; mean Ϯ SE). Statistical difference is shown relative to the saline-treated WT mice (***P Ͻ 0.001 and **P Ͻ 0.01) and between saline-and mefloquine-treated Cx36 knockout mice ( # NS, nonsignificant). The analysis was done 48 h after ischemia. S1Tr, primary somatosensory, trunk; S1BF, primary somatosensory, barrel field. difference in the expression of NMDARs among different brain regions. If this is the case, neuronal death in other brain regions should be expected if NMDA is delivered to those regions in sufficiently high concentrations: in fact, the increased neuronal death is observed in the hippocampal CA1 after direct intra-hippocampal NMDA administration (Brennan et al. 2009 ). However, another possibility is that the level of neuronal gap junction coupling is higher in these selective regions than in the rest of the forebrain, which makes them more susceptible to NMDAR-mediated excitotoxicity. If this is the case, the level of neuronal gap junction coupling should be expected to be higher in the rostral than in the caudal dentate gyrus. Future experiments will evaluate this prediction.
As discussed above, in this study, we also used photothrombotic focal cerebral ischemia in adult mice to determine the role of neuronal gap junctions in ischemic neuronal death. In general, the photothrombotic stroke model is less sensitive to genetic and pharmacological manipulations than stroke induced by transient occlusion of a major artery, such as the middle cerebral artery. Nevertheless, our study showed that neuronal death caused by photothrombotic ischemia is substantially reduced by genetic and pharmacological inactivation of neuronal gap junctions. Given that NMDARs are essential for induction of the secondary neuronal death during ischemia (Arundine and Tymianski 2004) and that neuronal gap junctions play critical role in the NMDAR-mediated excitotoxicity and ischemic neuronal death (this study), inactivation of neuronal gap junctions may be considered a promising tool for neuroprotection during ischemic injuries.
